The factors identified to be important for the aerobic biodegradation of alpha-hexachlorocyclohexane (alpha-HCH) Gamma-hexachlorocyclohexane (gamma-HCH or lindane) is a well-known and widely used pesticide and was synthesized for the first time in 1825 (3). During the production of HCH a mixture of different isomers is formed, the most important of them being alpha-, beta-, gamma-, and delta-HCH. The technical production mixture contains about 12% gamma-, 65% alpha-, 12% beta-, and 7% delta-HCH (29).
The factors identified to be important for the aerobic biodegradation of alpha-hexachlorocyclohexane (alpha-HCH) in a soil slurry are temperature, auxiliary carbon source, substrate concentration, and soil inhomogeneities. Temperatures in the range of 20 to 30°C were determined to be most favorable for biodegradation of alpha-HCH. No alpha-HCH biodegradation was detected at temperatures below 4°C and above 40°C. The addition of auxiliary organic carbon compounds showed repressive effects on alpha-HCH biomineralization. Increased oxygen partial pressures reduced the repressive effects of added auxiliary organic carbon compounds. A linear relationship between alpha-HCH concentration and its conversion rate was found in a Lineweaver-Burk plot. Inhomogeneities such as clumping of alpha-HCH significantly affected its biodegradation. Inhomogeneity as an influence on biodegradation has not drawn sufficient attention in the past, even though it certainly has affected both laboratory studies and the application of biotechnological methods to clean up contaminated sites. On the basis of metabolites detected during degradation experiments, the initial steps of aerobic alpha-HCH bioconversion in a soil slurry are proposed.
Gamma-hexachlorocyclohexane (gamma-HCH or lindane) is a well-known and widely used pesticide and was synthesized for the first time in 1825 (3) . During the production of HCH a mixture of different isomers is formed, the most important of them being alpha-, beta-, gamma-, and delta-HCH. The technical production mixture contains about 12% gamma-, 65% alpha-, 12% beta-, and 7% delta-HCH (29) . The gamma isomer is the only effective insecticide among the eight possible isomers and was normally extracted from the technical mixture. The remaining constituents used to be discarded onto the soil in the surroundings of the production plant. As a result, considerable soil pollution problems were created.
Much work on HCH bioconversion has been done already. However, most of the studies have focused on the gamma isomer of HCH and have usually been performed at low (<10-mg/liter) HCH concentrations (5-7, 8-11, 14-16, 18, 19, 25, 27, 30) . According to the literature, HCH can be degraded more easily under anaerobic than aerobic conditions (5-7, 8, 10, 18, 19, 30) , and it is generally accepted that the bioconversion rates for HCH isomers decrease in the following order: gamma-HCH > alpha-HCH > delta-HCH > beta-HCH (7, 21) . However, a recent study reported that alpha-HCH was degraded more easily under aerobic than methanogenic conditions in heavily contaminated soil slurries and that beta-HCH was recalcitrant to biodegradation at all four redox conditions studied (1) . In a subsequent investigation, it was proposed that the specific spatial chloride arrangement of the beta isomer is responsible for its stability (J. Beurskens et al., manuscript in preparation). Bacteria able to degrade gamma-HCH anaerobically formed tetrachlorocyclohexene (6, 8, 11, 13, 19, 21) and monochlorobenzene (MCB) (10, 17) (27) . Alpha-HCH was shown to be mineralized by mixed aerobic microbial populations in soil slurry via PCCH (1) . No other metabolites could be detected.
A study has been initiated to evaluate the potential for biotechnological cleanups of soils heavily contaminated with HCH. Former work (1) showed that aerobic conditions are best for the biodegradation of alpha-HCH in such a soil slurry. In this paper we report the impact of ecophysiological factors such as temperature, auxiliary carbon source, oxygen, substrate concentration, and substrate availability on microbial degradation of alpha-HCH. Understanding of these factors is needed for the development of efficient strategies for the cleanup of contaminated soil by biotechnological means.
MATERIALS AND METHODS Soil sampling. Large samples of contaminated soil were collected at the contaminated site in Hengelo, The Netherlands. The sampling depth was a maximum of 50 cm. The samples were homogenized and stored in individual batches at -20°C until used, as described earlier (1) .
Analytical methods. HCH concentrations were determined by capillary gas chromatography after extraction of incubation mixtures with an acetonitrile-water mixture (1 Contaminated soil. The contaminated soil used was characterized by a rather high pH of about 7.7, a low soil organic content of 0.9% (wt/wt), and a Kjeldahl-nitrogen content of about 0.05% (wt/wt). The soil biochemical oxygen demand was below detection limit. About 60% of the soil's constituents was sandy material. The original soil was amended with 38% (wt/wt) lime by the chemical company while disposing their HCH wastes. The soil was contaminated with various chlorinated benzenes as well as two dichlorophenol isomers. The contamination levels of these aromatic compounds were relatively low, ranging from 0.3 to 4.3 mg/kg. The major pollutants were alpha-HCH (400 mg/kg) and beta-HCH (250 mg/kg). Two other HCH isomers, gamma and delta, were also detected but at much lower levels, 22 and 13 mg/kg, respectively. A more detailed soil characterization is given elsewhere (1) .
Biodegradation studies. Biodegradation studies were carried out in the dark at 30°C in 250-ml screw-cap glass serum bottles with air as the gas phase. In all experiments, 17.1 g of contaminated soil slurry (30% water [wt/wt]) was mixed with 109 ml of mineral salts medium to obtain a soil concentration of 100 g/liter (dry weight). Aerobiosis was assured by periodically determining the oxygen content of the gas phase, which was flushed with air for 10 min at a flow rate of 200 to 300 ml/min whenever necessary. These slurries were continuously shaken with an overhead rotary shaker (8 rpm; amplitude, 20 cm). External mass transfer limitations were found to be nonlimiting at the slurry concentration used. Controls for the biodegradation experiments were prepared by gamma-radiating the incubation mixture at 2.5 Mrad (Gammaster, B.V., Ede, The Netherlands), followed by pasteurizing it for 30 min at 70°C. Even though the described mineral salts medium was used in all experiments, no difference in alpha-HCH bioconversion behavior was found between samples made up with the mineral salts medium and samples made up with tap water only. As reported earlier (1), the contaminated soil did not inhibit aerobic respiration of the autochthonous microbial populations already present in the soil.
Analytical precision. All reported data are based on duplicates. Standard errors were within 15% of the values determined by gas-chromatographic analyses and within 7% of the values determined by free chloride analyses. The HCH detection limit was about 5 mg/kg of dry soil.
RESULTS
Effect of temperature on the degradation of alpha-HCH. Temperatures in the mesophilic range were most favorable for the biodegradation of alpha-HCH in soil slurry (Fig. 1) . The extent of biomineralization of alpha-HCH originally present in the soil within the 42 days of incubation was 90 to 100% at temperatures ranging from 15 to 30°C and decreased rapidly at temperatures below 10°C and above 35°C (Fig.  1A) . The lag time before biodegradation of alpha-HCH started was also temperature dependent (Fig. 1B) . Optimum temperature with a minimal lag time was found to be 30°C.
At this temperature, a lag of about 3.5 days was measured before initiation of alpha-HCH biodegradation. Maximum biodegradation rates (rmax) and first-order bioconversion rates (k1) were also related to the temperature (Fig. 1C) . Optimum temperature was determined to be 20 to 30°C and 30°C with respect to rmax and k1, respectively. Biodegradation rates decreased rapidly at temperatures below 15°C and above 30°C.
Effect of auxiliary organic carbon compounds on the degradation of alpha-HCH. The effects on alpha-HCH biodegradation at auxiliary organic carbon concentrations of 0.63 g of glucose plus 0.55 g of acetate per liter and 1.89 g of glucose plus 1.65 g of acetate per liter are presented in Fig. 2A , B, and C and Fig. 2D , E, and F, respectively. At both organic carbon concentrations applied, significant repression of alpha-HCH biomineralization was observed when the organic carbon was added at the onset of the experiments (Fig. 2C  and F) . When the auxiliary organic carbon was added after 4 days of incubation, no significant repression of alpha-HCH mineralization could be seen at the lower organic carbon concentration (Fig. 2C) . At the higher organic carbon concentration, however, significant repression of alpha-HCH mineralization was apparent between days 5 and 7 (Fig. 2F ). It appears, therefore, that rather high auxiliary organic carbon concentrations were needed to repress the already induced enzyme system(s) responsible for alpha-HCH biodegradation.
The type of auxiliary carbon was found to be important in the repressive behavior of alpha-HCH bioconversion ( 3). Even though both types of auxiliary organic carbon were metabolized readily and without considerable lag phases ( Fig. 3A and B) , the repressive effect of acetate on alpha-HCH biomineralization was much stronger than that of glucose (Fig. 3C) . The mechanistic reasons for this are presently unknown. Biomineralization of alpha-HCH was not inhibited by the addition of a nitrogen source (NH4NO3).
From the data presented in Fig. 2 and 3 it was hypothesized that the auxiliary carbon source had to be removed before alpha-HCH mineralization activities could be induced. This hypothesis was tested by adding 160 mg of dissolved organic carbon (DOC) (0.32 g of glucose plus 0.28 g of acetate per liter) under conditions in which either the organic substrate or nitrogen was the limiting nutrient in the system (Fig. 4) . The added organic compounds had indeed first to be removed before alpha-HCH mineralization was initiated. Under nitrogen-limiting conditions, a rather long incubation time of about 50 days was necessary for the removal of the added DOC before alpha-HCH mineralization started. This was in sharp contrast to the 3 days when nitrogen was not the limiting nutrient. The residual DOC levels corresponded in both cases to the nonbiodegradable background DOC of the soil slurry. Formation of intermediates. A fast buildup of 1,2-dichlorobenzene (1,2-DCB) plus 1,4-DCB and 1,2,4-TCB was measured during days 1 and 3 of the incubation (Fig. 6A) . Their respective masses corresponded to about 35 and 25% of the initial alpha-HCH present in the contaminated soil slurry. In addition, small amounts (maximum, 5 mg/kg) of TeCB have been observed (data not shown). During the 24 days of incubation, MCB stayed relatively constant at its low background levels. This is an indication that micropockets resulting in anaerobic bioconversion of alpha-HCH did not prevail in the aerobic slurry system (1, 10, 17) . The data presented in Fig. 6B compound was present in the soil slurry but was degraded rapidly after 3 days of incubation.
Effect of substrate inhomogeneity on the biodegradation of alpha-HCH. Exposure of the soil microbial populations to alpha-HCH under conditions in which external mass transfer was nonlimiting resulted in a lag phase of slow utilization followed by a relatively rapid degradation (Fig. 2, 3 , and 5). It was expected that the lag phase would essentially disappear and that biodegradation rates would be enhanced if the slurry were exposed to subsequent alpha-HCH additions. As compared with the original alpha-HCH present in the contaminated soil, two subsequent additions of alpha-HCH in the form of small granules resulted in the disappearance of the lag phase, but biodegradation rates were much lower (Fig. 7A) . The physical-chemical characteristics of alpha-HCH probably prevented fast dissolution, and therefore the dissolution rate rather than desorption rate limited the overall bioconversion kinetics. To test the validity of such a shift in mechanism, granules of the more-soluble gamma-HCH isomer were added twice after removal of the original alpha-HCH. This indeed resulted both in the disappearance of a lag phase as well as an enhancement of biodegradation rates (Fig. 7B) .
DISCUSSION
A number of environmental factors have been shown to affect the rate of biodegradation of alpha-HCH in a soil slurry under aerobic conditions. Temperatures in the mesophilic range of about 30°C have been found to be most favorable for biodegradation. For anaerobic gamma-HCH degradation in soil, an optimum temperature of 38°C was reported (20) . Aerobic degradation of 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4-dichlorophenol, and pentachlorophenol was reported to proceed optimally in the 22 to 30°C range (2, 26, 28) .
The presence of a mixture of two organic growth substrates, glucose and acetate, was found to be inhibitory to the aerobic transformation of alpha-HCH. This is just the contrary of cometabolism, which has been defined as the transformation of a nongrowth substrate in the obligate presence of a growth substrate or another transformable compound (4) . Under anaerobic conditions, the dechlorination of gamma-HCH was reported to be promoted by the presence of several cosubstrates in aerobically grown fac- (11) . Glucose was by far the most active stimulator; acetate did not support dechlorination (11) .
A behavior similar to the one described in this study with alpha-HCH has been found with other xenobiotic compounds. Papanastasiou and Maier (22, 23) reported that glucose and 2,4-D were mutually inhibitory. In their study glucose drastically diminished the rate of 2,4-D degradation per cell. However, since the number of cells increased rapidly at the expense of glucose, the overall effect was nevertheless a higher conversion rate of 2,4-D in the system. In the present study, the rate of alpha-HCH biodegradation was inhibited during the entire incubation period when low concentrations of glucose plus acetate were added (Fig. 2C) but was slowed down only during the first 7 days of incubation when higher concentrations of auxiliary organic carbon were added (Fig. 2F) . After day 7, the rate of alpha-HCH bioconversion was comparable to that when no organic compounds were added, but no net acceleration of biodegradation of alpha-HCH due to added organics could be measured. A likely explanation for the observed behavior is Effect of alpha-HCH concentration on its own aerobic biodegradation. The rates of biomineralization of alpha-HCH followed a Lineweaver-Burk-type relationship, despite the fact that alpha-HCH is relatively insoluble and is strongly adsorbed to the soil matrix. Alpha-HCH concentrations at the onset of the experiments were 1,400 (O), 900 (l), 400 (0), and 100 (A) mg/kg, respectively. that biomass concentration was not limiting the overall bioconversion rates of alpha-HCH within the soil matrix investigated.
A linear relationship was found for the double-reciprocal plot of substrate concentration and maximum substrate bioconversion rate, from which pseudo-Vmax and pseudo-Km values could be determined. Therefore, the behavior of biomineralization of alpha-HCH within this soil slurry may be modeled by a Michaelis-Menten type 2 parameter model. However, it should be kept in mind that alpha-HCH is a rather insoluble and strongly hydrophobic substance. Adsorptive surface area and surface characteristics are expected to have significantly influenced the outcome of the data and therefore also the observed linear relationship of substrate "concentration" and bioconversion rate. A publication dealing specifically with the effects of desorption on biodegradation in soil slurries is in preparation.
Another factor adding to the complexities of alpha-HCH biodegradation in soil is the effects of substrate inhomogeneity. The soil used in this study was sieved and homogenized by blending before use (1 HCH were degraded without any apparent lag time, but at much lower rates. Alpha-HCH-degrading enzyme systems were apparently already induced and still present from the degradation of alpha-HCH originally present in the contaminated soil slurry. The lower degradation rates observed when alpha-HCH was added in granular form were probably caused by the low solubilization rate of this alpha-HCH. The alpha-HCH present originally was adsorbed to the surface of the soil, thus forming a much larger contact area with the aqueous phase than the few alpha-HCH granules added later to the slurry. As a result the original alpha-HCH dissolved faster and was thus more readily available to the microorganisms.
If indeed solubilization rates were limiting the overall bioconversion rates of alpha-HCH, a more easily soluble HCH isomer must lead to increased bioconversion rates. This hypothesis has been tested with gamma-HCH and was found to be valid (Fig. 7) . After the first addition of gamma-HCH, it took about 3 days before degradation started. After that lag, fast gamma-HCH degradation occurred. A second addition of granular gamma-HCH led to an immediate bioconversion of the substrate at equally high rates. Therefore, solubilization and adsorption-desorption characteristics of HCH play an important role in the biodegradation of this chemical. This observation is important not only for the application of biotechnological methods for the cleanup of contaminated soils but also for the interpretation of data from laboratory studies quantifying biodegradation and desorption behavior of hydrophobic xenobiotic compounds added to clean soils only a few hours before experiments are begun.
Over short periods of time, rather high concentrations of metabolites were building up. In addition to the metabolites reported in this study (1,4-DCB, 1,2-DCB, 1,2,4-TCB, TeCB), previous work (1) reported the presence of PCCH in the soil slurry. These results have been used as a basis to formulate the first steps in the aerobic degradation pathway of alpha-HCH in a complex soil slurry. A hypothetical pathway is presented in Fig. 8 . Alpha-HCH is first converted to PCCH by dehydrochlorination. In subsequent steps PCCH is converted to TeCB and TCB, which in turn are further dechlorinated to DCB. The aerobic degradation of DCB could then continue via dichlorocatechol and dichloromuconic acid to CO2 and H20 as proposed by Schraa et al. (24) . From the available data it is not possible to conclude whether all PCCH was converted to TCB via TeCB or by direct dehydrochlorination and whether TeCB was converted to DCB via TCB or by direct reductive dechlorination. Therefore, it cannot yet be concluded whether one or more pathways occur concomitantly in the slurry and whether one of them is dominant. The intermediates mea- VOL. 54, 1988 on July 3, 2017 by guest http://aem.asm.org/ Downloaded from sured in this study for alpha-HCH degradation agreed well with those reported in the literature for the aerobic breakdown of gamma-HCH (27) . No data were found in the literature on intermediates of the aerobic bioconversion of alpha-HCH.
